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ABSTRACT  
In this work we have studied the dielectric properties of Li2O-Nb2O5-P2O5: Ag2O glasses as a 
function of Ag2O concentration. Auxiliary studies viz., optical absorption, photoluminescence (PL) 
and IR spectra have also been performed on these glasses. IR spectral studies have indicated that the 
host glass network doped with 1.0 mol% of Ag2O is highly polymerized. Optical absorption and PL 
studies have clearly exhibited absorption and emission bands due to surface plasmon resonance 
(SPR). From these studies the presence of Ag
0
 -Ag
+
 clusters is established in the glass network and 
the concentration of such clusters is found to be the highest in the glass doped with 1.0 mol% of 
Ag2O. Finally, we have performed extensive studies on dielectric properties viz., dielectric constant, 
loss, electric moduli, impedance spectra and a.c. conductivity over broad ranges of frequency (0.01 
Hz to 1 MHz) and temperature (303 to 513 K). The glasses doped with higher content of Ag2O 
exhibited higher values of dielectric constant especially at lower frequencies and higher temperatures. 
The larger contribution from space charge polarization is predicted to be responsible for such higher 
values. In the glasses doped with low contents of Ag2O (< 1.0 mol%) the polaron conductivity (due to 
the polaronic transfer between Ag
0
 and Ag
+
 ions) seemed to be dominant, whereas in the glasses 
containing more than 1.0 mol% of Ag2O, the ionic conduction (due to the diffusion of Ag
+
 and Li
+
 
ions) appeared to be prevailed. The impedance diagrams drawn between Z′ and Z″ have further 
supported the above-mentioned conclusions. From the overall analysis of the results of dielectric 
properties (including a.c. conductivity ) with the aid of experimental results on spectroscopic studies, 
it is concluded that the glass containing more than 1.0 mol% of Ag2O exhibited predominantly ionic 
conductivity and hence such glasses may be useful as electrolytes for ionic conducting batteries. 
Keywords: Li2O-Nb2O5-P2O5 glasses; Silver ions; Surface plasmon resonance; Dielectric properties 
*Corresponding Authors: vrksurya@rediffmail.com (V. Ravi Kumar), nvr8@rediffmail.com (N. 
Veeraiah) 
 
 
 
 
*Manuscript
Click here to view linked References
2 
 
1. Introduction 
Lithium phosphate glasses when mixed with noble metal ions like Ag find potential 
applications as solid electrolytes in high-energy density batteries [1]. These materials were 
reported to exhibit mixed conduction viz., electronic and ionic and/or pure electronic or pure 
ionic conduction [2]. For this reason, these glasses are also being extensively used as 
cathodes in electrochemical cells, smart windows, etc. The electronic conduction or 
conduction due to polaron hopping is possible if these glasses are mixed with multivalent 
transitional metal oxides while the ionic conduction is predicted due to the transport of alkali 
ions as well as silver ions. 
Moisture resistance of phosphate glasses can be improved if these glasses are mixed 
with intermediate glass forming transition metal oxides like Nb2O5, Ta2O5, ZrO2 etc. Nb–O 
bond in Nb2O5 is predicted to be comparatively rigid with strong long-range Coulombic 
interaction. Such strong long-range interaction lowers the concentration of non-bridging 
oxygens to some extent and increase the corrosion resistance of the lithium phosphate 
glasses. Nb2O5 participates in the glass network with NbO4 (with Nb-O bond length1.823 
Å) and also with NbO6 structural units (in which Nb-O bond length1.977 Å) [3]. Further, 
Nb2O5 mixed glasses are particularly useful for photocatalysts, as luminescent materials etc., 
and are also known as good dielectric materials [4-8].  
The materials containing noble metallic particles exhibit surface plasmon resonance 
(SPR) due to the interaction with the incident electromagnetic waves; such interaction also 
aggregates metallic particles [9] in the host material. Due to the presence of these particles 
host material exhibit additional novel characteristics like catalytic activity, strong 
photoluminescence and also interesting changes in electrical properties [10-12]. The 
magnitude of resonance, however, depends on the size, shape, concentration of the noble 
metallic ions/particles and also on dielectric characteristics of the host material. Such special 
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features make glasses useful for biosensors, for optical computing (because of their large 
non-linear optical response with ultra-fast response time). The response time for these 
materials is found to be in the range of picoseconds; this is an added advantage to enable 
processors with terahertz frequencies [13, 14]. Majority of the previous studies on noble 
metal ions mixed glasses are restricted mainly to the optical properties. 
The incident electromagnetic wave normally excites the combined oscillations of 
valence electrons of noble metal ions/particles present on the surface of the glasses and 
induce surface plasmon resonance. This type of resonance enhances local internal electric 
field in the surrounding positions of these noble metal ions significantly. The magnitude of 
the induced electric field is predicted to be 100 times more in the material when compared 
with the same excitation in the absence of plasmons [15]. Such strong induced electric fields 
are anticipated to influence the electrical characteristics substantially. Hence, studies on 
dielectric properties of ionic conducting materials over broad ranges of frequencies and 
temperatures of the materials that exhibit SPR is felt worth for investigation.  
During melting and annealing processes of the glasses, there is a possibility for Ag
+ 
ions to get converted into Ag
0 
or Ag
2+ 
as intermediates, by electrochemical reduction and 
oxidation processes, respectively. Simultaneous presence of such silver ions and metallic 
particles in glass hosts further improves conductivity properties (contributes more to 
polaronic and ionic conductivities) and makes glasses more useful as electrolytes in solid-
state batteries. Further, Ag particle clusters were proved to enhance mechanical stability of 
the glasses; this is a desirable property for a material to use in the design of nano-dimensional 
optoelectronic circuits and optical memory devices with very high recording speed and 
storage [16]. 
Even though, a considerable number of studies on several properties of silver oxide 
mixed phosphate glasses are available in the literature [17, 18], detailed investigations on 
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electrical properties as such on Nb2O5 mixed lithium phosphate glasses with variable 
concentration of Ag2O and quantitative analysis of these results in terms of SPR and other 
spectroscopic studies are limited. Li2O is added since Li
+
 ions are well known due to their 
significant contribution to the ionic conductivity. Further, Li2O also acts as a modifier, breaks 
the bindings between different phosphate structural units in the glass network and facilitates 
for the easy diffusion of conducting species including silver ions in the bulk glass. 
Motivated by above described studies and predictions, present study is devoted to 
report the results of extensive studies on electrical properties (viz., the dielectric constant, 
dielectric loss, impedance spectra, dielectric relaxation kinetics and a.c conductivity over 
wide ranges of frequency and temperature) as a function of Ag2O concentration of Li2O-
Nb2O5-P2O5 and to explore the influence of Ag
+
 ions on electrical characteristics of the titled 
glasses. The results of other auxiliary studies viz., optical absorption (SPR), PL  and IR 
spectroscopic studies are also used for this purpose.  
2. Experimental 
Glass samples of chemical composition, viz., 35Li2O-5Nb2O5-(60- x) P2O5- x Ag2O (in 
mol %) with x varying from 0.5 to 2.5 in steps of 0.5 Ag2O, is chosen for the current study. 
The details of the composition are presented in Table 1.  
The starting materials used for the preparation of the glasses were analytical grade 
reagents of Li2CO3 (99.9% pure, Loba, Mumbai, India), P2O5 (99.99% pure, Sigma Aldrich, 
Mumbai, India), Nb2O5 (99.9% pure Sigma Aldrich, Mumbai, India) and Ag2O (99.99% 
pure, Alfa Aesar, Massachusetts, USA). Powders of these compounds in appropriate 
proportions (all in mol%) were thoroughly mixed in an agate mortar and melted in a platinum 
crucible in the temperature range 1150–1200 
o
C in a PID temperature-controlled furnace for 
about 30 min. till a clear liquid was formed. The resultant melt was then poured on 
rectangular brass mould and subsequently annealed at 350 °C in another furnace and cooled 
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to ambient temperature at the rate of about 1 °C/min. The obtained samples were ground and 
optically polished to the final dimensions of about 1.0 cm x 1.0 cm x 0.2 cm. Optical 
absorption spectra of the glasses were recorded at ambient temperature in the wavelength 
range 300‒800 nm with a precision of 0.1 nm using a JASCO V‒670 UV‒Vis‒NIR 
spectrophotometer. Photoluminescence spectra were recorded in the visible region using 
Thermo Scientific Luminescence Spectrophotometer. Infrared transmission spectra were 
recorded on a Shimadzu IR Affinity-1S FT-IR spectrophotometer up to a resolution of 0.1 
cm
−1
 in the spectral range 400–1600 cm
−1
 using potassium bromide pellets. X-ray 
photoelectron spectroscopy (XPS) measurements were carried out on PHI 5000 Versa Probe 
ULVAC instrument with Al Kα (hν = 1486.6 eV) X-ray source with reference to C 1s peak at 
284.6 eV.  To minimize the effect of the electrostatic charge on the surface of the sample, a 
flood-gun was used. The precision in the measured energy value is 0.1 eV. 
For electrical/dielectric measurements, gold electrodes of thickness ~100 nm were 
deposited on to both sides of the samples using Sputter Coater SC7620. Dielectric properties 
were measured using Novo control Alpha-AN Dielectric impedance analyzer in the 
frequency range of 10
-2
 to 10
6
 Hz and in temperature range 303–513 K. Temperature was 
controlled to an accuracy of ± 0.2 K. Equivalent circuits modeling was employed to analyze 
the complex impedance plots and the corresponding parameters were determined by the 
Complex Nonlinear Least Squares (CNLLSQ) fitting procedure. 
3. Results and discussion 
Using the values of density d and average molecular weight M of Li2O-Nb2O5-
P2O5:Ag2O glasses, Ag
+
 ion concentration Ni and mean Ag
+
 ion separation ri are evaluated 
using the conventional formulae (mentioned in our recent report [19]) and are presented in 
Table 2. 
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For having some preliminary understanding over the structural variations (which 
would be useful in analyzing the results of dielectric properties) taking place in the glass 
network due to the variation of Ag2O content, IR spectra of the titled glasses were recorded 
and presented in Fig. 1. The spectra exhibited vibrational bands at about 1250 and 1290 cm
-1
 
identified as being due to anti-symmetrical vibrations of PO
2-
 and P=O structural units, 
respectively. The spectra of all the glasses have also exhibited a feeble kink at about 1125 
cm
-1
 assigned to the vibrations of PO3
-
 structural units.  The standard vibrational band due to 
3-symmetric stretchings of PO4
3-
 group is observed at about 1050 cm
-1
. The bands due to P–
O–P asymmetric bending vibrations and due to symmetric stretching vibrations are also 
located in the spectra at about 930 cm
-1
 and 770 cm
-1
, respectively [20–23]. Bands due to the 
vibrations of niobate structural units ascribed to NbO4 and Nb–O–Nb (3‒ vibrations) of 
NbO6 structural units are also detected in these spectra at about 900 and 560 cm
-1
,
 
respectively [24].  
With the gradual increase of Ag2O content up to 1.0 mol%, a significant increase in 
the intensity symmetrical bands of phosphate structural units and also that of NbO4 structural 
units could be visualized in these spectra. Moreover, bands due to the vibrations of NbO4 
structural units and P-O-P units seemed to have been unresolved and exhibited a common 
vibrational band at about 900 cm
-1
 in the spectrum of A10 glass. This feature of the spectrum 
qualitatively suggests possible linkages between phosphate and niobite structural units [25]. 
For further increase of Ag2O content, the common vibrational band appeared to be resolved 
into two separate bands and the vibrational bands due to asymmetrical vibrations of various 
phosphate structural units and also the intensity of the band due to NbO6 structural units is 
observed to be the minimal in the spectrum of the glass A10 and observed to increase 
gradually with increase of Ag2O concentration beyond 1.0 mol%. Thus, the analysis of IR 
spectra suggests that in the network of the glass doped with 1.0 mol% of Ag2O higher degree 
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of connectivity between various structural units when compared to that of the glasses doped 
with higher concentrations of Ag2O. The IR spectra have further revealed that the 
concentration of NbO4 structural units that cross-link with phosphate structural units is 
relatively higher in this glass. Unlike tetrahedral niobium ions, octahedral niobium ions do 
act as modifiers similar to Li2O and induce structural defects by breaking the continuous 
phosphate chains and increase the degree of disorder in the glass network [25]. 
It may be noted here most of the transition metal oxides (e.g., V, W, Mo, Ta, Fe, Co, 
Ni, Zr, Cu, Ti including Nb) when present in octahedral positions were reported to act as 
modifiers and induce structural defects in amorphous materials. From the studies on electrical 
properties, EPR spectra and even mechanical properties, such conclusion was drawn by many 
authors. On the other hand, if they are present in tetrahedral positions (with MO4 structural 
units) the host glass network acquires additional stability due to cross linking with these 
structural units [26-30]. 
                In Fig. 2, we have presented the optical absorption spectra of Li2O–Nb2O5–P2O5 
glasses doped with different concentrations of Ag2O recorded at ambient temperature. In the 
spectra of all the glasses a feeble absorption kink (predicted to be due to the localized surface 
plasmon resonance (LSPR) of Ag
0
 particles is noticed at about 425 nm. This band is found to 
be more intense especially in the spectrum of the glass doped with 1.0 mol%.  We have 
already mentioned that the monovalent silver ions also act as electron trapping centers and 
get converted to unstable Ag
0
 (4d
10
5s
1
) atoms. Such unstable atoms interact with Ag
+
 ions 
and form stable Ag
+
-Ag
0
 clusters.  The observed band in optical absorption spectra is in fact 
due to the resonance of coherent oscillations of conduction electrons on the surface of such 
clusters of silver particles and the incident electromagnetic waves [10,11,31,32]. Intensity 
and the half width of this band are observed to be the maximal in the spectrum of Ag10 glass; 
this observation suggests the higher dimensions of metallic silver particles in this glass.  
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As per the mean-free-path theory, the FWHM, peak position and the intensity of 
surface-plasmon absorption resonance band strongly dependent on the particle size. If the 
size of the silver particles is very small (less than the wavelength of the incident light), the 
absorption peak shifts towards shorter wavelength and in such case the absorption is mainly 
due to dipolar absorption and the absorption cross-section is strongly dependent on dipole 
oscillations. This possibility seems to be responsible for the low intensity of this band 
observed in the spectra of the glasses doped with more than 1.0 mol% of Ag2O. On the other 
hand, if the size of the particles is larger, absorptions takes place due to multipoles viz., 
quadrupole, octupole. A small fraction of the contribution from the scattering to SPR band 
may also be possible due to the particles of larger dimensions [33-35]. 
The optical band gaps (Eo) of the samples are evaluated by drawing Tauc plots (Fig. 3) 
between (ћvs ћ as per the equation 
(ћ C(ћ- Eo)
2 
                        (1) 
and presented in Table 3. In Eq. (1), ℏω is the photon energy and C is temperature 
independent constant but depends on the refractive index n of the glass. The value of C gives 
the information on the range of the extent of band tailing. It is given by  
       
  
   
         (2) 
where σ0 is the electrical conductivity at absolute zero and EU is the width of the tail of 
localized states in the normal forbidden gap. 
The value of Eo is estimated to be the highest for the glass doped with 1.0 mol% of 
Ag2O and for further increase of Ag2O, it is found to decrease. Reduction of Ag
+
 ions to Ag
0
 
leads to decrease in the concentration of donor centers. As a result, localized electrons that 
were trapped at Ag
+
 states separate largely with the empty 5d states of Ag
0
 sites. Due to these 
reasons, the width of energy band consisting of impurity (silver) energy states contracts in the 
main band gap and leads to the expansion of the optical band gap of the host glass with 
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increase of Ag2O content up to 1.0 mol%. The IR spectral studies have also indicated that the 
concentration of tetrahedral niobium ions that form linkages with the phosphate structural 
units is the highest in the glass Ag10. Such linkages make the glass network more rigid and 
cause the optical band gap to increase.  
We have also recorded the photoluminescence spectra of the titled glass excited at 
390 nm; the spectra exhibited a luminescence band in the blue region at about 445 nm with a 
considerable intensity. The intensity of this band is also observed to increase with the 
increase of Ag2O content from 0.5 to 1.0 mol% with slight red shift (Fig. 4 (a)). This band is 
identified as being due to the excitation of silver ions from Ag
0
-Ag
+
 clusters present in the 
glass [36]. Thus, the optical absorption and PL spectra, have clearly demonstrated a part of 
Ag
+
 ions have been transformed into Ag
0
 particles during melting and annealing of the 
glasses and form Ag
0
-Ag
+
 clusters. 
For further confirmation of the presence of Ag
+
 ions and Ag
0
 particles in the samples 
we have recorded XPS spectra and the obtained deconvolutional spectrum for one of the 
samples viz., A25 is presented in Fig. 4 (b). The spectrum exhibited conventional bands due to 
Ag
+ 
(Ag 3d3/2) and Ag
0 
(Ag 3d5/2) particles at 367.3 and 373.2 eV, respectively [37]. This 
observation clearly confirms the presence of Ag
0 
metallic particles along with Ag
+ 
ions in the 
glass samples.  
The variation of the real part of dielectric constant ε'(ω) with frequency measured at 
different temperatures for the glass A5 is presented in the Fig. 5(a), while in Fig. 5(b), the 
variation of ε'(ω) with temperatures at different frequencies of glass A10 is presented. The 
variations exhibited significantly larger values at lower frequencies and the rate of increase of 
() with temperatures is more distinct at such frequencies. The permittivity approached 
saturation values ∞ at higher frequencies; this tendency is usually associated with the 
electronic polarization effects. 
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The variation of dielectric constant of all the other samples with frequency and 
temperature exhibited similar behaviour. In the inset of Fig. 5(b), the variation of dielectric 
constant with the concentration of Ag2O measured at 333K and 197.5 kHz is presented; the 
variation exhibited the minimal value for the glass doped with 1.0 mol% of Ag2O. 
The predominant contribution to the dielectric constant at lower frequencies is the 
space charge polarization that arises due to the accumulation of the free charge carriers from 
the bulk glass at the electrodes which obstruct the transfer of the charge species into the 
external circuit. Normally, the variation of () with frequency is connected with the applied 
field that assists the hopping of the charge carriers between two different sites in the glasses. 
For these reasons, contribution to the dielectric constant at the lower frequencies of the 
applied field is much higher and causes to exhibit higher values of (). On the other hand, 
at higher frequencies, the charge carriers do not rotate at adequate speeds hence their 
oscillations lay behind the applied field and lead to decrease of dielectric permittivity, as has 
been observed in this study [37-40]. 
We have already mentioned that the degree of connectivity between various structural 
groups is the highest in the network of glass A10 when compared to that of the other glasses. 
The reasons are: (i) the presence of high concentration of NbO4 structural units (evidenced 
from IR spectra), (ii) the larger concentration of clusters of silver particles. Due to these 
reasons, there is an obstruction for the easy migration of the charge carriers that would build 
up space charge polarization at the electrodes. These factors account for the minimal value of 
dielectric constant observed for the glass A10. 
Figs. 6(a) and 6(b) represent the variations of dielectric loss with frequency at 
different temperatures and with temperature at different frequencies for the glasses A15 and 
A20, respectively. These figures have indicated relaxation character of the dielectric loss. The 
dipolar effects sometimes may be masked or dominated by electrode polarization effects and 
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hence the relaxation phenomenon exhibited by dielectric loss curves may not represent 
entirely the intrinsic dipolar effects. In such situations, the electrical modulus formalism is 
being extensively used for studying electrical relaxation behavior especially of ion 
conducting materials. In this representation, the electrode polarization effects are completely 
eliminated and the intrinsic dipolar effects of the samples can be more visualized. According 
to Mc Crum theory and subsequent modifications by Tsangaris et. al. [41], the complex 
electric modulus is defined as the reciprocal of complex permittivity: 
      
 
     
 = ∞     
      
  
 
 
             = M′(ω) + i M″(ω)          (3) 
The real and imaginary parts of electric moduli for different distributions of relaxation times 
from Eq. (3) are represented by [41], 
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In the Eqs. (4) and (5), Ms= 1/εs; M∞= 1/ε∞ and  
 
           
       
  
 
       
       
   
                                       (6) 
 
Hence, to have a clear understanding on the dipole relaxation effects with the 
exclusion of electrode effects, we have estimated the real and imaginary components of 
electric moduli, M (ω) and M″(ω) using real and imaginary parts of dielectric constant at 
different temperatures as per the Eqs. (4) and (5) for Li2O–Nb2O5–P2O5: Ag2O glasses and 
their variations with frequency at different temperatures (in the range 303 K–513 K) for a 
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selected glass (A15) are presented in the Figs. 7(a) and 7(b), respectively. In the Figs. 8(a) and 
8(b), variations of M (ω) and M″(ω) with temperature at different frequencies (in the range 
0.01 Hz to 1 MHz) for the glass A20 are presented, respectively. The variations have 
confirmed the perfect relaxation features. The real part of electric modulus M (ω) increased 
with increasing frequency and at sufficiently higher frequencies it reached a saturation 
corresponding to the limiting value of M'∞. Such trend suggests the observed relaxation 
effects are purely due to intrinsic dipoles of the samples and there is no influence of electrode 
effects on relaxation phenomenon [41]. 
The average activation energy for the dipoles, Wd, is calculated from the Arrhenius’ 
plots drawn between log of relaxation frequency maxima (fmax) of M" vs 1/T based on 
     
   
  ,                                                          (7)  
where, f0 is a constant and k is the Boltzmann constant. The obtained values of Wd  for all the 
glass samples are presented in Table 4. The variation of Wd with the concentration of Ag2O 
exhibited convex behavior at x =1.0 mol%. This result suggests that the degree of freedom 
for dipoles to orient in the field direction is the lowest in this glass when compared with that 
of other glasses. 
From the point of intersection of M (ω) and M″() at (M″)max  (Fig. 9(a)) drawn at 363 
K for the sample A15), the relaxation time(M= 1/m) for dipoles is evaluated for all the 
glasses and its variation with the concentration of Ag2O is presented in Fig. 9(b); the value of 
M is observed to be the maximum for the glass A10. Further, the variation of relaxation time 
with temperature for any given sample exhibited a decreasing trend with increase of 
temperature. Moreover, the value of M is observed to decrease at faster rates in the low 
temperature region while it is found to be nearly temperature independent in the high 
temperature region (Fig. 9(c)). These results clearly demonstrated that the spreading of 
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relaxation times and the degree of spreading is higher in the low temperature region. The 
spreading of relaxation times suggests that the dipolar effects are due to multiple types of 
dipoles that have got different magnitudes of dipole moments [42, 43]. Even if there is one 
kind of dipoles, the dipoles experience random potential energy on diffusing through the 
distorted structure of the glass network; due to this reason there is also a possibility for the 
spreading of relaxation times [44]. Normally, in silver doped glasses, complexes of divalent 
silver ions (if any) with oxygens do contribute to the relaxation effects. Additionally, in 
several other phosphate glass systems, it was reported that even PO2
-
 complexes do possess 
the net dipole moment and contribute to these relaxation effects [45]. 
To estimate the magnitude of the electrical impedance or the conductivity of the titled 
glasses, we have plotted real and imaginary parts of electrical impedance (measured at 
different frequencies) at different temperatures. Figs. 10 (a, b, c and d) represents such 
impedance diagrams (also known as Nyquist plots) for the glass A25 drawn at some selected 
temperatures. The diagrams appeared to be semicircles and with increase of temperature the 
area under the semicircle is observed to be decreasing. This trend suggests the decreasing 
magnitude of impedance or increasing magnitude of the conductivity with increasing 
temperature. Further, the center of the semicircle appeared to be lying below the X-axis. This 
observation also suggests the spreading of relaxation times of the dipoles.  
In Fig. 11, we have shown the comparison plots of impedance spectra for all the 
glasses drawn at 453 K. The area under the semicircles is found to be the highest for the 
glasses mixed with 1.0 mol% of Ag2O; this result suggests large bulk impedance or low 
conductivity of this glass. Further, the impedance diagrams have exhibited an inclined spur in 
the low frequency side due to electrode polarization [46]. The magnitude of this spur is 
observed to be the minimal for the glass A10 (Fig. 11). This result indicates the thermally 
stimulated mobility of conducting species is the lowest in this glass.  
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In Figs. 12(a) and (b), we have presented the variation of a.c. conductivity, σac with 
frequency at different temperatures and with 1/T at different frequencies for the glass A20. σac, 
in the in the low frequency region and at higher temperature it is observed to be nearly 
independent of frequency and it represents the dc conductivity, σdc. However, at higher 
frequency (and in the lower temperature regions) it exhibited dispersion spread over in 
power-law fashion.  
The universal dielectric response (UDR) [47] of the frequency dependent electrical 
conductivity is presented by, 
          
    .       (8) 
In Eq. (8), as 0,      and as , σ(ω )  ωn  with n ≈1. In the middle 
frequency region, the conductivity is increased in a sublinear fashion. In this frequency 
region, ion transport is characterized by the non–random forward-backward hopping process 
(due to the Coulomb repulsive interaction between mobile carriers) from its initial site. In 
such cases, the mean square displacement of ions is negligibly small. Then Eq. (8) indicates 
 s      (9) 
The exponent s depends on the ratio of front to back- hop rate and also relaxation rate 
of initial state of conducting ions. We have evaluated the UDR exponent s from the plots of 
log σac (ω) vs log ω. Fig. 13 represents such plot for the glass A15 at different temperatures in 
middle frequency region. The values of s evaluated from these plots are found to be lower at 
higher temperatures. Such trend indicates the conductivity is connected with the polaron 
hopping at higher temperatures [48]. The variation of s with the concentration of Ag2O 
(evaluated at 303 K) is shown in the inset of Fig. 13. The value of s exhibited the maximum 
at x=1.0 mol% (at any temperature) and for further increase of Ag2O concentration, it is 
observed to increase. Such trend suggests that polaronic conductivity is the dominant one in 
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the glass A10 and for further increase of Ag2O the variation indicates that the ionic 
conductivity prevails over the polaron hopping [43]. 
The studies of optical absorption and photoluminescence spectra, have indicated that 
the silver particles exist in Ag
0
 and Ag
+
 states and the concentration of the clusters of such 
particles is the maximum in the glass A10. The highest intensity of SPR band observed for 
this glass, in fact, supports this view point. Hence, one can predict more probability for the 
transfer of polarons between silver metallic particles and monovalent silver ions in this glass. 
This argument suggests that the conductivity in the glasses containing Ag2O up to 1.0 mol% 
is predominantly due to polaron hopping. 
The higher values of s observed for the glasses doped with more than 1.0 mol% of 
Ag2O point out that ionic contribution to the conductivity prevails. It is general understanding 
that in lithium phosphate glasses, lithium ions (because of their smaller size and high 
mobility) contribute to the ionic conduction. In the present case the ionic contribution is 
naturally due to diffusion of Li
+
 and Ag
+
 ions in the glass matrix. The magnitude of such 
diffusion is more in these glasses. We have already mentioned that the concentration of NbO4 
structural units (that makes the glass network more rigid) is lower or the concentration of 
octahedral Nb ions that induce structural defects (similar to Li
+
 and Ag
+
 ions) like non-
bridging oxygens, dangling bonds etc., in the glass network is higher in the glass containing 
Ag2O beyond 1.0 mol%. In other words, the degree of depolymerization of glass network is 
higher in these glasses and pave the way for easy transport of charge carriers over the long 
ranges in the glass network.  
From the plots of log σac vs 1/T, we have evaluated the activation energy Wac for the 
conduction for all the glasses and its variation with the concentration Ag2O is presented in 
Fig. 14. In the same figure the variation of a.c. conductivity with the concentration of Ag2O is 
presented. As mentioned earlier σac exhibited the minimal while the activation energy is found 
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to be maximal for the glass mixed with 1.0 mol%. This observation also clearly demonstrates 
that the network of the glass containing 1.0 mol% of Ag2O is more hostile for the passage of 
the free charge carriers. 
A.C. conductivity at low-temperatures and at slightly higher frequency region is 
observed to be nearly temperature independent. The conductivity in such regions can be 
explained by the standard quantum mechanical tunneling (QMT) model [43]. According to 
this model, 
 
4
522 ln)(
3
)( 





 





ph
FB ENTke                               (10) 
where N(EF) is the density of defect energy states near the Fermi level and the other symbols 
were explained in our earlier Refs. [37, 38]. We have evaluated the values of N(EF) using Eq. 
(10) at a frequency of 296 kHz, and T = 333 K, with the average value of  = 0.54 (Å)
–1
 
(evaluated by plotting log ac against Ri) and presented in Table 4. The concentration of 
defect energy states is found to be the minimal for the glass A10 which is once again in 
supportive of the conclusion that the network of this glass is more rigid and less conducive 
for transport of charge carriers. On the other hand, the glasses doped with larger 
concentration of Ag2O (beyond 1.0 mol%) exhibited higher magnitude of ionic conductivity. 
4. Conclusions 
We have prepared Li2O-Nb2O5-P2O5 glasses doped with different concentrations of 
Ag2O and their dielectric properties were studied over broad ranges of frequencies and 
temperatures. As a part of having some pre-structural understanding spectroscopic studies 
(viz., optical absorption, IR and photoluminescence spectral studies) have also been carried 
out. Optical absorption and PL spectral studies have indicated the presence of the clusters of 
silver metallic particles and Ag
+
 ions that cause surface plasmon resonance with the incident 
electromagnetic wave. The concentration of such clusters is the highest in the glass doped 
17 
 
with 1.0 mol% of Ag2O. IR spectral studies have indicated an increase in the degree of 
depolymerization of the glass network or increase in the concentration of structural defects in 
the glass network with increase of Ag2O content beyond 1.0 mol%. Variations of dielectric 
constant with the concentration of Ag2O exhibited the minimal values at 1.0 mol% of Ag2O 
and for further increase of this dopant concentration, the values of ′() are found to be 
higher. Dielectric relaxation effects exhibited by dielectric loss as well as electric moduli 
were quantitatively discussed and the observed spreading of relaxation times with the 
concentration of Ag2O was attributed to the presence of multiple types of dipoles in the glass 
samples. In the glass samples containing low content of Ag2O (up to 1.0 mol%) a.c. 
conductivity is predicted to be mainly due to the polaron hopping between silver metallic 
particles and Ag
+
 ions. In the samples containing larger concentration of Ag2O, ionic 
conductivity seems to be prevailing and it is attributed to the diffusion of Ag
+
 and Li
+
 ions. 
The overall analysis of the results suggested that the contribution to the conductivity is 
mainly ionic in character in the samples containing higher content of Ag2O and hence such 
samples may be useful for considering these materials in solid state batteries as electrolytes.  
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(M) with temperature drawn for the glass A15. 
Fig. 10. Complex impedance plots of glass A25 drawn at different temperatures. 
Fig. 11. Comparison plots of impedance spectra for all the glasses drawn at 453 K. 
Fig. 12(a). Variation of ac conductivity with frequency for the glass A20 drawn at different 
temperatures. 
23 
 
Fig. 12(b). Variation of ac conductivity with 1/T at various frequencies for the glass A20. 
Fig. 13. Variation of UDR exponent s with temperature evaluated for the glass A15. Inset 
shows the variation of s with concentration of Ag2O at 393K.  
Fig. 14. The compositional dependence of σac at 363 K and activation energy, Wac for all 
glass samples. 
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Table 1. Composition (all in mol%) and thickness of the glass samples used. 
Glass Li2O Nb2O5 P2O5  Ag2O Thickness 
(mm) 
A0 35 5 60.0 0 1.874 
A5 35 5 59.5 0.5 1.911 
A10 35 5 59.0 1.0 1.608 
A15 35 5 58.5 1.5 2.097 
A20 35 5 58.0 2.0 1.875 
A25 35 5 57.5 2.5 1.908 
 
 
Table 2. Physical properties of Li2O-Nb2O5-P2O5:Ag2O glasses. 
 
 
 
 
 
 
 
 
Glass  
Physical property 
A0 A5 A10 A15 A20 A25 
Density d (g/cm
3
) (± 0.0001 2.1205 2.5759 2.6032 2.6319 2.6412 2.6547 
Silver ion conc. Ni (x10
21
, cm
−3
)  - 7.09 7.14 7.19 7.18 7.19 
Inter ionic distance 
of Ag
+
 ions ri (Å) (± 0.01 Å) 
 
- 24.15 24.10 24.04 24.05 24.04 
Polaron radius rp (Å )(± 0.01 Å) - 9.695 9.712 9.689 9.694 9.689 
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Table 3. Optical absorption data of Li2O-Nb2O5-P2O5:Ag2O glasses 
 
 
 
 
 
 
 
Table 4. Selected parameters evaluated from dielectric studies on  Li2O-Nb2O5-P2O5:Ag2O 
glasses 
 
 
 
 
 
 
 
  
Glass  A0 A5 A10 A15 A20 A25 
Absorption edge (nm)         316 318 325 321 291 306 
SPR band position (nm) - 420.0 418.9 421.1 422.2 422.7 
Optical band gap, Eo (eV) 3.88 3.89 3.92 3.72 3.78 3.82 
Glass Activation energy for 
ac conduction, Wac (eV) 
(± 0.01) 
Activation energy for 
dipoles, Wd (eV) 
(± 0.01) 
N (EF) 
(x 10
21
, eV
-1
/cm
3
) 
(± 0.01) 
A5 0.84 2.26 6.68 
A10 0.98 2.59 5.87 
A15 0.85 2.28 6.35 
A20 0.92 2.35 6.04 
A25 0.95 2.48 5.93 
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Fig. 1 IR spectra of Li2O–Nb2O5–P2O5:Ag2O glasses recorded at room temperature. 
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Fig. 2 Optical absorption spectra of Li2O–Nb2O5–P2O5:Ag2O glasses recorded at room 
temperature. 
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Fig. 3 Tauc plots to evaluate optical band gap of Li2O–Nb2O5–P2O5:Ag2O glasses. 
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Fig. 4 (a) Photoluminescence spectra of Li2O–Nb2O5–P2O5:Ag2O glasses recorded at room 
temperature (exc. =390 nm).  
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Fig. 4(b) Deconvoluted XPS spectrum of 3d Ag of the glass A25 
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Fig. 5 (a) Variation of dielectric constant ε  () with frequency at different temperatures for 
the glass A5.   
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Fig. 5(b) Variation of dielectric constant ε  () with temperature at different frequencies for 
the glass A10.   
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Fig. 6(a) Variation of tan  with frequency at different temperatures drawn for the glass A15. 
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Fig. 6(b) Variation of dielectric loss (tan  with temperature for the glass A20. 
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Figs. 7(a) & (b) Variations of M  and M″ with frequency at different temperatures for the 
glass A15. 
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Figs. 8(a) & (b) Variations of M  and M″ with temperature at different frequencies for the 
glass A20. 
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Fig. 9(a) Variation of M  and M″ with frequency at 363 K for the sample A15 (b) Variation of 
relaxation time (M) with the concentration of Ag2O at 363 K (c) Variation of relaxation time 
(M) with temperature drawn for the glass A15. 
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Fig. 10. Complex impedance plots of glass A25 drawn at different temperatures. 
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Fig. 11. Comparison plots of impedance spectra for all the glasses drawn at 453 K. 
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Fig. 12(a). Variation of ac conductivity with frequency for the glass A20 drawn at different 
temperatures. 
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Fig. 12(b). Variation of ac conductivity with 1/T at various frequencies for the glass A20. 
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Fig. 13. Variation of UDR exponent s with temperature evaluated for the glass A15. Inset 
shows the variation of s with concentration of Ag2O at 393 K.  
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Fig. 14. The compositional dependence of σac at 363 K and activation energy, Wac for all 
glass samples. 
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Research Highlights 
 
Dielectric properties of Li2O-Nb2O5-P2O5: Ag2O glasses were investigated  
Results were analyzed with the aid of data on spectroscopic studies  
Glass with more than 1.0 mol% of Ag2O exhibited predominantly ionic conductivity  
Such glasses may be useful as electrolytes for ion conducting batteries. 
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